ONE HALLMARK OF CHRONIC HEART FAILURE (CHF) is fluid retention. An impaired ability to excrete a sodium load is commonly seen in CHF (20, 26, 29) . Although CHF can be defined as an abnormal physiological state in which the heart cannot pump enough blood to satisfy the metabolic demands of the body, altered renal function has been suggested to contribute in the pathogenesis of CHF (20, 29) . The renal defects could range from the altered glomerular hemodynamics to abnormal regulation of renal tubular sodium and water transport. Four basic ways have been suggested to account for the sodium retention that is observed in CHF: 1) a reduction in glomerular filtration rate (GFR), 2) activation of the renal nerves, 3) activation of the renin-angiotensin-aldosterone pathway, and 4) inhibition of natriuretic factors. Each of these mechanisms contributes to some extent in patients with CHF.
It has been previously shown that renal nerves contribute to the retention of sodium and water in rats with CHF (7, 25) . However, we also have demonstrated that although renal denervation normalized the blunted renal diuretic and natriuretic responses to acute volume expansion, the results from the renal denervated kidneys from CHF were still significantly different from the renal denervated control rats. These results suggest that in addition to the renal nerves, there also may be other factor(s) that are involved in sodium retention during CHF. Moreover, there may be an interaction between the renal nerves and other tubular factor(s). In models of CHF, the renal involvement may be presented, at least in part, by inappropriate sodium and water retention. The excessive retention of sodium in CHF may result from either a reduced GFR or an enhanced tubular reabsorption, or both (1) . However, the roles of tubule segments and the molecular basis for the inappropriate sodium and water retention remain largely undefined in CHF. Particularly, there is very little, if any, information regarding the abundance and functional role of epithelial sodium channels (ENaC) in the kidneys of rats with CHF and their interactions with the tonic renal nerve activity.
ENaC represents the rate-limiting step in sodium reabsorption and thus plays an important role in the maintenance of sodium balance and extracellular fluid volume (10) . ENaC is composed of at least three subunits: ␣, ␤, and ␥. ENaC localization in the kidney appears to be confined to the distal convoluted tubules, cortical collecting ducts, and medullary collecting ducts (5, 31) of the distal nephron. The activity of ENaC is regulated by angiotensin, aldosterone, and vasopressin, which markedly increase the apical permeability of the collecting duct to sodium (2, 3, 8) . In CHF, the levels of angiotensin, aldosterone, and vasopressin are all reported to be elevated (27) . It is plausible that this increased neurohumoral drive during CHF (25) may alter the expression and function of ENaC. The purpose of this study was to investigate the possible changes in the message (mRNA) and protein abundance of the subunits of the amiloride-sensitive ENaC expressed along the renal tubule that would functionally limit the salt and water losses during CHF.
Therefore, the hypothesis we tested in this study is that dysregulation of renal ENaC subunits may contribute in the pathogenesis of CHF, independently or possibly by interactions with tonic renal nerve activity. We addressed this hypothesis by posing three questions: 1) Is there an increased abundance of ENaC subunits in the kidneys of rats with CHF? 2) Does blockade of ENaC with benzamil produce enhanced diuretic and natriuretic responses in the rats with CHF? 3) Does renal denervation enhance or augment the renal excretory responses to blockade of ENaC with benzamil?
METHODS
Induction of heart failure. All the procedures on animals in this study were approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee. The experiments were conducted according to the American Physiological Society's "Guiding Principles for Research Involving Animals and Human Beings" and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Male Sprague-Dawley rats weighing 200 -220 g were obtained from Sasco Breeding Laboratories (Omaha, NE) and were randomly assigned to a sham-operated group and a CHF group. CHF was produced by coronary artery ligation, as previously described (41) . Each rat was caged individually in an environment with ambient temperature maintained at 22°C and humidity at 30 -40%. Laboratory chow and tap water were available ad libitum.
The degrees of left ventricular dysfunction and heart failure were determined using both hemodynamic and anatomic criteria. Left ventricular end-diastolic pressure (LVEDP) was measured using a Mikro-Tip catheter (Millar Instruments, Houston, TX) at the time of the terminal experiment. To measure infarct size, the heart was dissected and the atria and right ventricle were removed. A digital image of the left ventricle was captured using a digital camera (Kodak, Rochester, NY). The percentage of infarct area to total left ventricle area was quantified using SigmaScan Pro (Aspire Software International, Ashburn, VA). Rats with both LVEDP Ͼ15 mmHg and infarct size greater than approximately 30% of total left ventricular wall were considered to be in CHF.
RNA extraction and protein isolation. Two groups of rats (sham, n ϭ 11; CHF, n ϭ 11) were anesthetized with pentobarbital sodium (50 mg/kg ip). The renal artery and vein were ligated, and the kidneys were removed, weighed, dissected, frozen on dry ice, and then stored at Ϫ70°C. The cortical and medulla samples were put in 0.5 ml of TRI Reagent and homogenized. The total RNA in the homogenate was extracted according to the TRI Reagent manufacturer's instructions (MRC, Cincinnati, OH).
Cortical and medulla samples were homogenized in 20% (wt/vol) ice-cold buffer containing 10 mM Tris·HCl, pH 7.4, 1% SDS, 1 mM sodium vanadate, 10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 100 l/ml protease cocktail inhibitor (BD Biosciences). The samples were kept on ice for 30 min. Next, samples were centrifuged at 12,000 g for 20 min at 4°C, and protein concentration in supernatant was determined using a BCA protein assay kit (Pierce, Rockford, IL).
Real-time quantitative RT-PCR measurement for ENaC subunit mRNA. Real-time RT-PCR assays were performed to assess relative mRNA levels. RNA was isolated, followed by reverse transcription for 40 min at 37°C in the presence of 1.5 M of random hexamers and 400 units of Maloney murine leukemia virus reverse transcriptase. Each 1.5-l aliquot of the RT product was used for ENaC cDNA amplification. The cDNA was amplified by real-time quantitative PCR with the Bio-Rad Icycler IQ system (Bio-Rad Laboratories, Hercules, CA) using the TaqMan probe labeled with FAM dye and Black Hole quencher. All gene-specific primer pairs were designed using BeconDesign 4.0 (Bio-Rad Laboratories) ( Table 1 ). Relative expression of ENaC mRNA was normalized to the expressed reference gene, ribosomal protein L19 (RPL19). The data were analyzed using the 2 Ϫ⌬⌬Ct method.
Western blot analysis of ENaC subunit protein. Protein extraction was used for Western blot analysis in the samples obtained as described above. The protein sample was mixed with an equal volume of 2ϫ 4% SDS sample buffer. The sample was then loaded onto the 7.5% SDS-PAGE gel for electrophoresis at 40 mA per gel for 60 min. The fractionated proteins on the gel were electrophoretically transferred onto the polyvinylidene difluoride membrane at 300 mA for 90 min. The membrane was incubated with 5% milk-Tris-buffered saline-Tween solution for 30 min at room temperature. The membrane was incubated with primary antibody (rabbit anti-rat ENaC subunits, 1:2,000; provided by Dr. U. S. Rao; rabbit anti-rat GAPDH, 1:1,000; Santa Cruz Biotechnology) at 4°C overnight. A description and characterization of anti-ENaC antibodies has been presented previously (28) . The previous studies showed that these antibodies are highly specific and do not exhibit any cross-reactivity. After being washed, the membrane was incubated with secondary antibody (goat anti-rabbit IgG, peroxidase conjugated, 1:5,000; Pierce) for 40 min at room temperature. The signals were visualized using an enhanced chemiluminescence substrate (Pierce) and detected using the UVP digital imaging system (Upland, CA).
ENaC subunit immunohistochemistry. Under pentobarbital sodium anesthesia (50 mg/kg ip), kidneys were perfused via the abdominal aorta with 150 ml of heparinized saline, followed by 250 ml of 4% paraformaldehyde in 0.1 M sodium phosphate buffer. Kidneys were dissected and fixed in Bouin's solution and then dehydrated in 70% ethanol. Paraffin-embedded tissue sections from rats were processed according to standard histochemical methods. Paraffin slides were washed in xylene before rehydration in a series of ethanol washes. Antigen retrieval was performed by boiling slides in 10 mM calcium citrate, followed by permeabilization and blocking. The primary antibody (rabbit anti-rat ENaC subunits, 1:5,000; provided by Dr. U. S. Rao) was incubated with the sections overnight, and the next day the sections were washed and incubated with Cy3-conjugated donkey anti-rabbit secondary antibody (1:500; Jackson ImmunoResearch, West Grove, PA) for 2 h at room temperature. The sections were cover slipped with fluoromounting-G (SouthernBiotech, Birmingham, AL). Distribution of ENaC immunofluorescence within the cortex and medulla was viewed using an Olympus fluorescence microscope ␣-ENaC U54700 Forward: 5=-CATGCAAGGACTGGGGAAGG-3= Backward: 3=-TGGTCATGATCCTGCTGCTTAG-5= Probe: 3=-TGCCCAACTCGCCTCGCTTCCTACT-5= ␤-ENaC U35175 Forward: 5=-AGAAGAAGGCCATGTGGTTCC-3= Backward: 3=-GCTCAGGTAGGTCTGGATGAAG-5= Probe: 5=-CACGCTGCTCTTCGCCTGCCTGG-3= ␥-ENaC U37540 Forward: 5=-CCATCCAGGAGTGGTACAAGC-3= Backward: 3=-GGCATCACAGGACATCCCATC-5= Probe: 3=-AGCAGGTCACCAGCAGTTCTTCGGC-5= RPL19 NM031103 Forward: 5=-CTGAAGGTCAAAGGGAATGTGTTC-3= Backward: 3=-TTCGTGCTTCCTTGGTCTTAGAC-5= Probe: 3=-TGCGAGCCTCAGCCTGGTCAGCC-5=.
ENaC, epithelial sodium channel; RPL19, ribosomal protein L19. Renal function studies. On the day of the experiment, rats were anesthetized with inactin (100 mg/kg ip). Body temperature was maintained at 36 -38°C by a heated stage. After tracheal intubation, the animals were allowed to breathe independently. The left femoral artery was cannulated with PE-50 polyethylene tubing and connected to a pressure transducer for the continuous recording of arterial pressure. The left femoral vein was cannulated with PE-50 tubing for administration of supplemental anesthesia and drug.
The kidneys were exposed through a retroperitoneal flank incision, and left renal denervation was performed by stripping the sheath and adventitia from the exposed left renal artery and vein. To destroy any remaining nerve fibers, the renal vessels were painted with 95% ethanol. Previously, this technique has been shown to decrease renal norepinephrine concentration to Ͻ5% of endogenous levels (24) . Subsequently, both ureters were cannulated with PE-10 tubing. Surgery was completed within 30 min, and an additional 30-min stabilization period was allowed before the start of the first urine collection.
Urine was collected in preweighed tubes from both left and right kidney via ureteral catheters, and urine volume was measured gravimetrically. Two urine collections (10 min each) were obtained before a bolus dose of ENaC inhibitor benzamil (0.7 mg/kg iv; Sigma, St. Louis, MO) in 0.5 ml of 0.9% saline. After injection of benzamil, urine was collected at 5, 10, 15, 20, 30, and 40 min. Sodium concentration (ion-selective electrode; Beckman ion analyzer) of each of the urine samples was also analyzed.
Data analysis. Data were subjected to two-way ANOVA followed by a multiple range (for multiple comparisons) or Student Newman Keuls test. P values Ͻ0.05 were considered to indicate statistical significance. Table 2 summarizes the salient characteristics of sham and CHF rats utilized in the present study. Heart weight, body weight, and wet lung weight were significantly higher in CHF rats compared with sham rats (P Ͻ 0.05). This indicates that retention of water occurs in CHF rats.
RESULTS

Baseline data (group characteristics).
The CHF group displayed an average myocardial infarct size over 30% of left ventricle. Sham rats had no observable damage to the myocardium. LVEDP was significantly elevated in CHF rats compared with sham rats (P Ͻ 0.05). The maximum rise in pressure over time was significantly decreased in CHF rats, indicating a decreased contractility that was manifest as an increase in LVEDP. The maximum decrease in pressure over time had a similar trend in rats with CHF. These data suggest that the rats in the CHF group had decreased cardiac contractile and diastolic function.
Real-time quantitative RT-PCR measurement for ENaC subunit mRNA.
In both cortex and outer medulla, CHF increased the abundance of ENaC subunits at the mRNA level. In CHF, ␣-ENaC mRNA level in the cortex was 1.73 Ϯ 0.21 vs. 0.85 Ϯ 0.11 (sham), significantly increased by 104 Ϯ 24% compared with sham-operated rats (P Ͻ 0.05). In the outer medulla, ␣-ENaC mRNA level was 1.49 Ϯ 0.20 (CHF) vs. 0.98 Ϯ 0.18 (sham). ␣-ENaC was significantly increased 52 Ϯ 18% compared with sham-operated rats (P Ͻ 0.05). ␤-ENaC mRNA was significantly increased by 47 Ϯ 16% (cortex) and 38 Ϯ 8% (outer medulla) in the CHF group (P Ͻ 0.05). ␥-ENaC mRNA was also significantly increased by 55 Ϯ 18% (cortex) and 39 Ϯ 13% (outer medulla) in the CHF group (P Ͻ 0.05) (Fig. 1) .
Western blot analysis of ENaC subunit protein. Western blot analysis showed ␣-ENaC (97 kDa), ␤-ENaC (97 kDa), and ␥-ENaC (75 and 80 kDa) in the cortex and outer medulla of both sham and CHF rats. CHF rats had a significantly higher protein level of ␣-ENaC (0.77 Ϯ 0.12 vs. 0.36 Ϯ 0.13 in the cortex; 0.60 Ϯ 0.05 vs. 0.32 Ϯ 0.06 in the outer medulla) compared with sham-operated rats (P Ͻ 0.05). ␣-ENaC band intensity was significantly increased by 114 Ϯ 28% (cortex) and 88 Ϯ 16% (outer medulla) compared with shamoperated rats (P Ͻ 0.05). ␤-ENaC protein level was significantly increased by 150 Ϯ 31% (cortex) and 94 Ϯ 28% (outer medulla) in the CHF group (P Ͻ 0.05). Both bands associated with ␥-ENaC were significantly increased by 39 Ϯ 5% (cortex) and 45 Ϯ 9% (outer medulla) in the CHF group (P Ͻ 0.05) (Figs. 2 and 3) .
ENaC subunit immunohistochemistry. As an in situ confirmation of the alteration in ENaC subunits within the kidney, immunofluorescent staining for ENaC subunits in the collecting duct segments and medulla were higher in the kidneys from rats with CHF compared with sham rats (Figs. 4, 5, and 6 ).
Diuretic and natriuretic responses to ENaC inhibitor. There was no significant difference in mean arterial pressure in sham and CHF groups (basal and after benzamil injection). There were no significant differences in kidney weights between the groups of rats (Table 3 ). The basal urine flow and sodium excretion before benzamil injection were not significantly different between the two groups. Denervation caused basal urine flow and sodium excretion to significantly increase in both sham and CHF groups (P Ͻ 0.05).
Benzamil injection produced diuresis and natriuresis from the intact and denervated kidneys in both groups of rats (Figs. 7 and 8 ). Both the diuresis and the natriuresis were significantly increased in CHF group compared with the corresponding sham rats after benzamil injection (P Ͻ 0.05). In the denervated kidneys, there was a significantly greater urine flow and sodium excretion compared with the intact kidney group (P Ͻ 0.05).
DISCUSSION
This study reports the novel findings that there is enhanced renal abundance and increased functional activity of ENaC subunits during CHF. This study demonstrated that the mRNA and protein abundance of ␣-, ␤-, and ␥-subunits of ENaC were significantly increased in the cortex and outer medulla of the kidneys from rats with CHF. Immunohistochemistry microscopy confirmed the increased labeling of ␣-, ␤-, and ␥-ENaC subunits in the collecting duct segments in rats with CHF. Furthermore, the diuretic and natriuretic responses to ENaC inhibitor benzamil were increased in the rats with CHF. Renal denervation unmasked a greater retentive role of ENaC in CHF. The observed increased expression of ENaC subunits associated with enhanced channel function suggests that dysregulation of renal ENaC subunits could be involved in the retention of sodium chloride and thus contribute to the pathogenesis and development of CHF.
In the present study, the CHF condition demonstrated an increased cardiac filling pressure, reduced left ventricular contractility, cardiac hypertrophy, and a large myocardial infarct over the left ventricle. These characteristics indicate that these rats were in heart failure. These rats also demonstrated an increased body weight and wet lung weight, which are indicative of peripheral and pulmonary edema. The excess water retention may be due to the limited salt and water losses during CHF.
Sodium reabsorption is carried out by various transporters that are present along the nephrons. These transporters appear to be localized to specific segments of the nephron and mediate the entry of sodium across the apical membrane. The ␣-, ␤-, and ␥-subunits of ENaC are located in the distal nephron and the collecting duct (5, 31) . The ENaC activity is regulated by a number of mechanisms, including aldosterone-stimulated intracellular trafficking of the ENaC ␣-, ␤-, and ␥-subunits from the cytoplasm to the apical plasma membrane. Sodium transport could be expected to be proportional to the abundance of the ␣-ENaC protein levels. ␣-ENaC is sufficient to induce channel activity, whereas ␤-and/or ␥-subunits allow for maximal expression of active sodium channels, since expression of all three subunits produces a current that is greater than a 100-fold potentiation over ␣-ENaC (5, 31). Although, the precise role of the ␤-and ␥-subunits is uncertain, they appear to have a regulatory role in the stabilization and enhanced function of the channel (5, 31) . The detection of abundant levels of hormone receptors and other regulatory molecules that control sodium reabsorption in the distal nephron, combined with physiological evidence (32, 40) , strongly suggests that the fine control of sodium reabsorption is carried out in the distal nephron and collecting duct.
We found that all three ENaC subunits are present in the cortex and medullary collecting ducts of the kidneys. The localization of the ENaC gene in the collecting duct makes it an important candidate gene for the transport of sodium and thus its involvement in the maintenance of sodium balance and extracellular fluid volume. The results show that the mRNA and protein abundance of ␣-, ␤-, and ␥-subunits of ENaC were all significantly increased in both cortex and outer medulla of kidneys in rats with CHF. Consistent with these observations, examination of channel function using the ENaC inhibitor benzamil shows an enhanced diuretic and natriuretic response in rats with CHF. The changes in diuretic and natriuretic responses are consistent with the increased protein abundance of ENaC subunits in the kidneys of rats with CHF.
A more active form of ENaC channels is formed by undergoing a process of proteolysis. Proteolysis of ENaC subunits at specific sites within the extracellular domains of ␣-and ␤-subunits plays a key role in activating the channel by increasing its open probability and releasing the inhibitory fragments (14) . In the present study there was an approximately twofold increase in the expression of ENaC channels in the kidneys of CHF rat compared with the three-to fourfold increase in natriuresis after blockade of ENaC channels with benzamil. These data can be interpreted as indicating that perhaps there were greater amounts of processed forms of ENaC in the CHF condition. This may be due to increased levels of proteases, such as plasmin, a serine protease that can cleave and activate ENaC and has been implicated in the pathogenesis of various volume abnormalities and disease conditions (23, 35) . This possibility of increased proteolysis of the ENaC subunits in the kidneys of rats with CHF remains to be examined.
The pathophysiology of sodium and water retention in CHF is characterized by a complex interplay of hemodynamic and neurohumoral factors. The hemodynamic factors include vasoconstriction, tachycardia, and a reduced venous capacitance.
These responses occur within minutes, whereas salt and water retention occur over days to weeks. The key element involved in renal sodium retention is activation of apical ENaC in the collecting tubule by aldosterone and vasopressin. Elevated basal plasma aldosterone and vasopressin levels with increased sodium intake have been linked to essential hypertension (42) and CHF (12, 27) in humans and animal models. Chronic treatment with aldosterone increases the ␣-ENaC subunit primarily and the ␤-and ␥-subunits to a lesser extent (18, 34) at mRNA and protein levels. In contrast, vasopressin has quite a different effect from that observed with aldosterone; it primarily increases the expression of ␤-and ␥-subunits, but not ␣-subunit to any great extent (8, 21) . Interestingly, in the current study the expression of all three subunits was increased in rats with CHF. These results are consistent with the observations that both aldosterone and vasopressin are increased in rats with CHF (27) . In isolated, perfused cortical collecting tubule, aldosterone and vasopressin both stimulate sodium reabsorption individually (6) , but in combination, the reabsorption is greater than with either hormone alone (6, 30) . This synergistic action of aldosterone and vasopressin may be important for the large increase in ENaC expression and action/ function in the rats with CHF. In addition, other humoral substances such as endothelin and catecholamines are also elevated in CHF (19, 37) . It is also possible that the activation of all ENaC subunits may be due to the combination of the multiple humoral activation at the same time that is observed during CHF. Interestingly V 2 vasopressin receptor antagonists have been suggested to be useful in treating sodium and water retention in CHF (4) . Certainly the inhibition of the antidiuretic action that causes the frequent development of hyponatremia in patients with CHF is the obvious benefit of V 2 receptor antagonists; however, they also relieve the extreme sodium retention that accompanies cirrhosis in the rat (15) . Consistent with these observations, Lütken et al. (16) have recently demonstrated an increased abundance of aquaporin 2 (AQP2) in the medullary collecting duct principle cells of rats with CHF. They further showed that this increase in expression of AQP2 was mediated by angiotensin II (ANG II) via ANG II AT 1 receptors, since treatment with candesartan abrogated the increase of AQP2 in rats with CHF (16) . This study also reported an increased ␣-ENaC protein in rats with heart failure, consistent with the observations presented in the current study. There are also reports of increased tritransporter Na ϩ -K ϩ -2Cl Ϫ in the thick ascending limb of the loop of Henle in rats with CHF (22) . These transporters are affected by vasopressin as well as ANG II and renal nerves. In other disease conditions where there are fluid balance abnormalities, such as diabetes mellitus, there is also upregulation of ENaC subunits (33) . The increase in expression of these subunits is thought to be due, at least in part, to increased aldosterone and vasopressin activity in the streptozotocin-induced model of type 1 diabetes in rats (33) . These changes are required for the maintenance of extracellular fluid volume in the face of a large osmotically driven fluid loss in the diabetic condition. In summary, the influence of these regulatory factors, aldosterone, vasopressin, ANG II, and renal nerves on various segments of the nephron contribute to the retention of sodium and water in the CHF condition as in other sodium and water retentive states. Although long-term increases in circulating aldosterone concentration has little effect on ENaC abundance, it does enhance the migration of ENaC into the apical membrane (18) . Thus long-term exposure to high circulating vasopressin levels increases the ENaC abundance (9). These results suggest that increased aldosterone and vasopressin in CHF may contribute to the abnormal regulation of renal tubular sodium and water transport via ENaC system.
In the heart failure condition, excessive aldosterone production can be driven by an overactivation of the renin-angiotensin system. This increase in the renin-angiotensin system is further driven by increased renal nerve activity in rats with CHF (25) . It has been shown that the levels of ANG II are increased in the heart failure condition (38) . ANG II has important role in the control of blood pressure and as a regulator of aldosterone secretion. In addition, Giebisch and colleagues (11, 36) also have indicated that the effects of ANG II to stimulate volume reabsorption in the late distal nephron may act via sodium channels. They found that the effects of ANG II on volume reabsorption were inhibited by amiloride, an agent that blocks sodium channels. It has been established that ANG II directly acts on ENaC in the distal nephron/collecting duct segment (2) . ANG II directly stimulates ENaC activity in the cortical collecting ducts. ANG II AT 1 receptor blockade with candesartan or losartan prevented the stimulatory effects of ANG II. This distal nephron activation of renin-ANG II-ENaC system may also play an important role in the renal pathophysiology of CHF. It is of interest to note that the changes reported in the present study are specific to the kidney, since expression of ENaC in the lungs of rats with CHF is not altered (17) .
In the present study, renal denervation by itself caused a significantly greater urine flow and sodium excretion in both sham and CHF groups. This is consistent with previous studies (43) . The neural and hormonal changes may all contribute to the renal excretory responses. There is a large body of evidence from both animal and human studies that suggest defects in the central regulation of the sympathetic nervous system may play an important role in the sodium and fluid retention commonly observed in congestive heart failure (13, 26, 39) . In the kidney with intact nerves, the neural influences on the renal diuretic and natriuretic responses cannot be neglected and definitely contribute to the retention of salt and water. However, in the absence of renal nerves, the blockade of ENaC with benzamil produced significantly greater diuresis and natriuresis in rats with CHF. These data can be interpreted in two ways: 1) that there is a greater influence of ENaC-mediated sodium retention in the absence of renal nerves, regardless of CHF, since there was a greater diuresis and natriuresis after ENaC blockade in both the sham and CHF groups; and/or 2) that there is a greater influence of ENaC in rats with CHF that is unmasked by renal denervation. A prudent conclusion would be that renal denervation does unmask the retentive role of ENaC in normal and CHF conditions and, furthermore, that this role is greater in rats with CHF, since the responses to blockade of ENaC produce a significantly greater diuresis and natriuresis in rats with CHF compared with sham-operated rats. In other words, the absence of renal nerves demonstrated a greater contribution of ENaC in sodium retention in rats with CHF. Conversely, the finding that denervation does not attenuate the natriuretic response to benzamil suggests that increased renal sympathetic nerve activity per se does not cause the increase in ENaC activity in the CHF model.
In summary, the present study demonstrated that the message (mRNA) and protein abundance of ENaC subunits were increased in the cortical and outer medulla of the kidneys from rats with CHF. There were significantly greater increases in diuretic and natriuretic responses to ENaC inhibitor benzamil in the rats with CHF compared with sham-operated controls.
These results suggest that the increased expression of renal ENaC subunits may contribute to the renal sodium and water retention observed during CHF. Finally, getting insight into and an understanding of the physiological characteristics of ENaC regulation in disease conditions such as CHF will contribute to the development of new diagnostic and therapeutic tools for the clinical treatment of diseases depicted by edematous states.
